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Abstract: This Account describes our work on highly electro-
philic γ-carbonyl cations featuring propargyldicobalt cations, 
cycloheptynedicobalt complexes, and the interconnection between 
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1 Introduction 
The generation of γ- carbonyl equivalents is of interest 
as a fundamental form of umpolung synthesis, and as a 
result is a synthetic challenge. Enolate reactions with γ-
haloenones or –enoates (1) often give competition from 
Michael reaction induced ring closure reactions (2),1 
although successful examples are known with highly 
stabilized enolates or those replacing alkali metal coun-
terions (Scheme 1).2 Replacements to this direct ap-
proach have often taken the form of a modified γ-site. 
Coupling reactions with preformed organometallics has 
seen success, particularly in Stille and Suzuki-Miyaura 
(i.e., 3) reactions.3 Phosphine catalyzed nucleophilic 
additions to the γ-site of alkynoates (i.e., 4) and al-
lenoates are effective for nucleophiles whose conjugate 
acids are within the ca. 4-16 pKa (H2O) range.4 Metal 
mediated coupling reactions, particularly via Pd, Mo and 
Ir allyls bearing carbonyls or related functions (5), have 
been successful and are often catalytic, but are of rela-
tively modest electrophilicity, being reactive to nucleo-
philes as nucleophilic or more nucleophilic than in-
dole.5,6 Acceptor activated cyclopropanes (6) appear to 
offer somewhat greater electrophilicity,7 but react with 
rearrangement of the carbon backbone; their Lewis acid 
mediated chemistry may be viewed as a complementary 
option. Consequently, at the outset of our efforts, we 
believed that there were limitations on the methods for 
the generation of γ-carbonyl cation equivalents, particu-
larly at the high electrophilicity end of reactivity, and 
therefore sought effective methods for the generation of 
such species.  
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Scheme 1 Existing synthetic methods for γ- carbonyl cation equiva-
lents. 
2 γ-Carbonyl Cations via Iron Allyl Cations 
Our initial attempts centred on the chemistry of carbonyl 
substituted allyltetracarbonyliron cations, based on the 
knowledge that the reported simple allyltetracarbonyli-
ron cations  demonstrated a greater electrophilicity than 
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allylpalladiums.8 Potential precursors for these cations 
were prepared readily, as γ-acetoxy- and –alkoxy al-
kenones or alkenoates reacted with Fe2(CO)9 at room 
temperature to generate η2-Fe(CO)4 complexes (7) 
(Scheme 2, Table 1). Under these conditions the η2- 
complexes did not convert to η4-oxodiene complexes, 
but were sufficiently sensitive that they were not sub-
jected to purification.  Addition of a Lewis acid, nor-
mally BF3-OEt2, to the η2- complexes generated the 
cationic allyliron intermediate (8); in the presence of 
nucleophiles such as enol silanes, allyltins, or electron 
rich arenes, prompt reaction occurred exclusively at the 
γ- site.9 Although the immediate reaction product was 
once again an η2-iron alkenone/alkenoate, oxidative 
decomplexation was facile to afford 9. The stereochemi-
cal features of this transformation are also worthy of 
note. The geometry of the alkene was preserved 
throughout the process, highly so if a careful selection of 
the Lewis acid employed was made. Moreover, the En-
ders group10 and the Speckamp group11 have worked 
extensively with enantiomerically pure versions of 7 and 
8; they have demonstrated that in acyclic substrates (10) 
and in many of the cyclic substrates (11), chirality at the 
γ- site during substitution is preserved with a high degree 
of retention, resulting from a double inversion during the 
substitution process. 
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Scheme 2 Reactions of carbonyl substituted allyl tetracarbonyliron 
cations. 
Table 1 Selected examples of γ-carbonyl cations by Fe(CO)4 com-
plexes 
P R1 R2 Nu Nu’ Yield 
(%) 9 
Ac OEt H OSiMe3
 
O
 
58 
Ac OEt Me 
Ph
OSiMe3
 
Ph
O
 
78a 
Bn Ph Et MeO OMe
OMe
 
MeO OMe
OMe
 
81 
Bn Ph Et SnBu3
 
 
75 
a
 1:1 syn:anti mixture 
Reprinted from Green, J. R.; Carroll, M. K. Tetrahedron Lett. 1991, 
32, 1141 and  Zhuo, T.; Green, J. R. Tetrahedron Lett. 1993, 34, 4497, 
with permission from Elsevier. 
 
3 γ-Carbonyl Cations via Propargyldicobalt 
Cations 
Application of analogous chemistry to alkynoates or 
alkynones and their corresponding propargyl cations was 
highly unlikely employing iron carbonyls, particularly 
given the propensity for iron(0) alkyne complexes to 
enter into oxidative coupling reaction pathways.12 By 
contrast, alkyne-Co2(CO)6 complexes have good thermal 
stability and are excellent at stabilizing propargylic cati-
ons.
13
 Consequently, our attention turned to whether this 
facile cation generation would extend to (organic) car-
bonyl substituted alkyne-Co2(CO)6 complexes such that 
Nicholas reaction chemistry would be viable source of γ-
carbonyl cations.  
Our initial attempts gave us a surprise. Although γ-
alkoxyalkynoate or alkynones, and their Co2(CO)6 com-
plexes (12) were readily synthesized, early reaction at-
tempts revealed that simple Lewis acids such as BF3-
OEt2 had little effect on these complexes. Reasoning that 
this was not due to a severe electron withdrawing group 
induced cation destabilization, but perhaps due to the 
presence of the carbonyl as a competitive Lewis basic 
site, an immediate switch was made to a system com-
patible with a softer Lewis acid. In this system, the 
corresponding propargylic chloride complexes of 13 
could be made readily, although they were of only 
moderate thermal stability. Nevertheless, in the presence 
of a nucleophile and AgBF4, these complexes were 
consumed rapidly and the nucleophiles incorporated 
readily at the site γ- with respect to the carbonyl (14) 
(Equation 1, Table 2).14 Ultimately, we found that the γ-
alkoxy systems could be employed in all attempted 
cases. In most of these, simply a switch in Lewis acid to 
Bu2BOTf gave rapid conversion in the presence of most 
nucleophiles.15 We have found, though, that BF3-OEt2 is 
effective in some cases, particularly when the 
nucleophile is not subject to reaction with fluoride ion 
(i.e., arene nucleophiles). Ultimately, a good range of 
nucleophiles may be incorporated, ranging from silyl 
ketene acetals to arenes as modestly electron rich as m-
xylene (N = -3.54).16 In some cases with (Z)- enolate 
equivalents, simple syn diastereoselectivity is good, but 
this not true in all cases. Decomplexation to the all-
organic alkynoates (or alkynones) is facile, most 
commonly by I2, but in some cases by Me3NO or 
(NH4)2Ce(NO3)6 (CAN). 
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Equation 1 Silver(I) mediated Nicholas reactions of γ-
chloroalkynone- and alkynoate-Co2(CO)6 complexes. 
Table 2 Selected silver(I) mediated Nicholas reactions 
Nu R1 R2 R3 R4 Yield 
(%) 14a 
EtO
OSiMe2Bu-t
 
Ph H H OEt 74 
Ph
OSiMe3
 
OMe Me Me Ph 82 
(8.7:1) 
Ph
OSiMe3
 
Ph Me Me Ph 60 
(6.2:1) 
Ph
OSiMe3
 
Pr-i Me Me Ph 61 
(15:1) 
OSiMe3
 
OMe Me -(CH2)4- 62 
(1:1.3) 
a
 syn:anti ratios in parentheses 
Adapted with permission from Vizniowski, C. S.; Green, J. R.; Breen, 
T. L.; Dalacu, A. V. J. Org. Chem. 1995, 60, 7496. Copyright 1995 
American Chemical Society. 
  
3.1 Synthesis of Velloziolide 
Among the nucleophiles compatible with these γ-
carbonyl cations, we have particularly exploited the 
reactions with electron rich arenes, and the resultant γ-
arylbutynoates, in synthesis. Velloziolide, a unique 9,10-
seco rosane diterpene isolated from Vellozia candida 
Mikan,17 has not been the subject of successful synthesis, 
although the basic carbon framework has been obtained 
previously.18 In our opinion, this compound appeared to 
be particularly suited to the Nicholas reaction based γ-
carbonyl cation chemistry, and in fact to multiple uses of 
this chemistry.19 Lewis acid mediated reaction of 3,4-
methylenedioxytoluene with the methyl 4-
methoxybutynoate-Co2(CO)6 complex (12a) afforded the 
expected condensation product in good yield, with little 
evidence of polyalkylation (Scheme 3). With this four 
carbon unit incorporated, ready decomplexation, reduc-
tion, nucleophilic methylation and intramolecular 
Friedel-Crafts alkylation afforded the dimethyltetralin 
ring system (15). This compound in turn was very suc-
cessful in Lewis acid mediated reaction with 12a, form-
ing after decomplexation the γ-arylation product 16 in 
92% yield. Conjugate addition of Me2CuLi, and incorpo-
ration of the vinyl unit though a Johnson-Claisen rear-
rangement ultimately gave (±)-velloziolide, after depro-
tection of the methylenedioxy group. 
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Scheme 3 Nicholas reactions of γ-carbonyl cations in the synthesis of 
(±)-velloziolide. 
3.2 Synthesis of Microstegiol 
Microstegiol is the most heavily encountered of the natu-
rally occurring rearranged abietanes containing a cyclo-
hepta[de]naphthalene framework; it is isolated from 
several plants of the genus Salvia which have been used 
as folk remedies.20 Microstegiol has not been the subject 
of any synthetic work; furthermore, the cyclo-
hepta[de]naphthalenes as a group have seen limited syn-
thetic work. Nevertheless, microstegiol served as an 
excellent target for the γ-carbonyl cation chemistry, par-
ticularly in the construction of the seven- membered 
ring. Model studies for 2,7-dioxygenated naphthalenes 
showed a preference for Nicholas reaction chemistry at 
C-1 (i.e., 17) in all but the most sterically hindered cases 
(Scheme 4). The γ- carbonyl cation adducts could be 
converted into cyclohepta[de]naphthalenes or cyclo-
hepta[de]naphthalenones by way of manipulation of the 
alkynoate function and Friedel-Crafts based ring clo-
sures. In addition, a 1,8-dicondensation product (18) 
could be transformed into a cyclohepta[de]naphthalene 
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via ring closing metathesis. For microstegiol in particu-
lar, differentially protected 2,7-naphthalenediol deriva-
tive 19 served as an excellent substrate for reaction with 
12a, and was a case in which BF3-OEt2 served well as 
Lewis acid.21 Decomplexation, alkyne reduction and 
conversion of the benzyloxy function into a methyl 
group gave 20, which set up the ester function for con-
version to the tertiary alcohol and Friedel-Crafts cycliza-
tion onto the remaining phenolic ring. The generation of 
the seven membered ring created enough angle strain to 
bias the naphthol in favour of its dehydrotetralone tau-
tomer (21), and simple enolate oxygenation was suffi-
cient to form (±)-microstegiol.22 
BnO OAc
BnO OAc
CO2Me
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1. I2, THF,
90% 1. Tf2O, pyr, 96%
2. Pd2(dba)3,
DABAL-Me3,
Cy-John-Phos,
84%
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O
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MeO OMe
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17 18
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CH2Cl2, 0 oC
89%
HO OAc
CO2Me
2. H2, Rh/C,
92%
3. H2, Pd/C,
96%
HO
 
Scheme 4 Nicholas reactions of γ-carbonyl cations in the synthesis of 
(±)-microstegiol. 
4 Synthesis of Cycloheptynedicobalt Com-
plexes 
4.1 Synthesis via γ- Carbonyl Cations 
The synthesis of ε-lactones such as velloziolide and cy-
clohepta[de]naphthalene derivatives such as microstegiol 
reflect our long- standing interest in seven- membered 
ring compounds, due to their reduced rates of ring clo-
sure and their proliferation in natural products.23 The 
possibility of extending the γ-carbonyl cation chemistry 
of alkynedicobalt chemistry into synthetically useful 
seven- membered ring systems that included the alkyne 
complex intrigued us.  
Prior to our work in this area, there was relatively little 
known about cycloheptyne-Co2(CO)6 complexes, 24 ex-
cept for their viability as stable molecules. 25 This is in 
clear contrast to cycloheptynes themselves,26 whose 
significant angle strain make them transient intermedi-
ates only, and which have seen therefore only limited use 
in synthesis.27 Conversely, there is a ca. 140 o angle at 
the formal alkyne carbons in alkyne-Co2(CO)6 com-
plexes, and as a result there is a significant reduction in 
angle strain in cyclic versions. Their first synthesis was 
reported by the Schreiber group, who employed in-
tramolecular Nicholas reaction chemistry to afford a 
system with an exocyclic vinyl function.25  A small 
number of examples of the corresponding ethers and 
esters were also known.28  In addition, the 
Tanino/Kuwajima initial contribution to ingenol 
synthesis appeared in publication while our initial efforts 
were in progress.29 What particularly drew our attention 
was a failed approach, in work that reported ‘double 
Nicholas reactions’ on butyne-1,4-diol complexes, but 
was not successful in an attempt to accomplish a [4+3] 
cycloaddition manifestation employing disilylpropene 22 
(Equation 2).30 On viewing this work, we believed that 
our Nicholas reaction mediated γ-carbonyl cation 
chemistry could address the issues with this chemistry, 
and perhaps solve them. The product of γ-carbonyl 
cation reaction of 13 with 22 revealed the problem, as 
23, a material resulting from loss of the internal 
trimethylsilyl group from 24 and one unsuitable for 
preparation of cycloheptyne complexes, was obtained. In 
contrast, reaction of 12 with the allylstannane 25 af-
forded allylsilanes 26 as the major product (Scheme 5, 
Table 3);31 this material was well suited for conversion 
into hexacarbonyldicobalt cycloheptynes. Reduction and 
acetylation of the organic carbonyl function afforded a 
series of propargyl acetates 27; in the presence of BF3-
OEt2, these underwent prompt cyclization to give cyclo-
heptenynes 28 in good yield. 
Me3Si SiMe3BnO OBn
Co2(CO)6 BF3-OEt2, CH2Cl2 Co2(CO)6
CO2Me
(CO)6Co2
Me3Si
22
23 CO2Me
(CO)6Co2
Me3Si
24
SiMe3
+
 
Equation 2 Nicholas reactions with disilylpropene 22. 
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Scheme 5 γ-Carbonyl cation-Co2(CO)6 complexes in the synthesis of 
cycloheptyne-Co2(CO)6 complexes. 
Table 3 Stepwise synthesis of cycloheptyne-Co2(CO)6 complexes 
R Yield (%) 26 Yield (%) 27 Yield (%) 28 
OMe 61 90 (R = H) 87 (R = H) 
Ph 60 84 84 
Me 36 (71)a 88 85 
a
 Reaction at -60 oC; yield in parentheses based on recovered starting 
material 
Green, J. R. Chem. Commun. 1998, 1751 - Reproduced by permission 
of the Royal Society of Chemistry 
 
4.2 Cycloheptynedicobalt Complexes via [4+3] 
Cycloaddition Reactions 
The facility with which cyclization occurred to afford 28 
demonstrated to us that it would be possible to gain entry 
into cycloheptenynes by way of [4+3] cycloaddition 
chemistry based on tandem Nicholas reactions, bypass-
ing any γ-carbonyl cation reactions for access to the 
appropriate intermediates. As such, appropriately substi-
tuted Co2(CO)6 complexes of butyne-1,4-diol derivatives 
(29) could serve as precursors (Scheme 6). This cycload-
dition turned out to have more than one manifestation, 
depending upon the nature of the nucleophilic partner. In 
the presence of 1-silylallylstannane (25), the addition of 
BF3-OEt2 induced a [4+3] cycloaddition to give cyclo-
heptenynes 28 (Table 4).32 Substitution at one of the 
propargylic sites afforded a mixture of regioisomers 
enriched in the C-6 (over C-3) substituted product. This 
enrichment could be made essentially complete by 
choosing a diol derivative with a bulkier ether function 
(i.e., OPr-i) at the site bearing the substituent. It was also 
possible to obtain an exo- methylenecycloheptyne com-
plex (30) using allyldimetal 31. 
Y2O
R
OY1
(CO)6Co2
Bu3Sn SiEt3
+
R
Co2(CO)6
CH2Cl2, 0 oC
R
Co2(CO)6
+
BF3-OEt2
(5 equiv)
42-72%
ca. 2:1Y1 = Y2 = Et
Y1 = Pr-i, Y2 = Me >30:1
EtO OEt
(CO)6Co2
SiMe3Bu3Sn
+
Co2(CO)6
CH2Cl2, 0 oC
BF3-OEt2
(5 equiv)
53%
25
29
28 28'
31
30
 
Scheme 6 Nicholas reaction based [4+3] cycloaddition reactions in 
the synthesis cycloheptyne-Co2(CO)6 complexes. 
Table 4 [4+3] Cycloaddition reactions 
Y1 Y2 R Yield (%)a 
Et Et H 72 
Me Me Me 54 (2.2:1) 
Me Me Ph 53 (1.7:1) 
Pr-i Me Me 68 (>30:1) 
Pr-i Me Ph 52 (>30:1) 
a
 Numbers in parentheses are 28:28’ ratios 
Patel, M. M.; Green, J. R. Chem. Commun. 1999, 509 – Reproduced 
by permission of the Royal Society of Chemistry 
 
A related process occurred when employing allyl-
trimethylsilane in place of 25. With no allylsilane 
function remaining after the initial Nicholas reaction, the 
second propargyl cation generated could only react with 
the alkene; the resultant cation therefore picked up halide 
from the conjugate base of the Lewis acid. Consequently, 
fluorocycloheptyne- and chlorocycloheptyne complexes 
32 were obtained depending upon the Lewis acid (Equa-
tion 3, Table 5); the bromocycloheptyne complexes have 
also been obtained, but in low yields.33 Arylcycloheptyn-
edicobalt complexes could be obtained when using the 
corresponding arene as reaction solvent and B(C6F5)3 as 
the Lewis acid, but this is limited in scope, since arenes 
more nucleophilic than toluene can react with the 
propargyl cations. 
 
EtO
R
OEt
(CO)6Co2
Me3Si
+
BF3-OEt2 or
SnCl4
Co2(CO)6
R
+
Co2(CO)6
X
R
X = F, Cl, Ph
CH2Cl2
51-78%
32or B(C6F5)3,C6H6
 
Equation 3 Nicholas reaction based [4+3] cycloaddition reactions in 
the synthesis of halocycloheptyne-Co2(CO)6 complexes. 
Table 5 Halogenative [4+3] cycloadditions 
Lewis acid X R Yield 32 (%)a 
BF3-OEt2 F H 75 
6 ACCOUNT  
Template for SYNLETT and SYNTHESIS © Thieme  Stuttgart · New York 2015-06-08 page 6 of 14 
BF3-OEt2 F Me 74 (1.6:1) 
SnCl4 Cl H 78 
SnCl4 Cl Ph 60 (1:1.9) 
B(C6F5)3 Phb Me 61 (<1:30) 
a
 Numbers in parentheses are trans:cis ratios; b Benzene as solvent 
Table with permission from: Lu, Y.; Green, J. R. Synlett 2001, 243. 
Copyright 2001 Georg Thieme Verlag Stuttgart · New York. 
 
Some of the γ-alkoxyalkenone complexes (12b-d) also 
were themselves capable of engaging in [4+3] cycloaddi-
tions (Scheme 7). In the presence of 3 equiv of Bu2BOTf 
and 25, cycloheptadienynyl complexes 33 were obtained, 
in variable yields.34 The corresponding aldehyde did not 
take part in the analogous cycloaddition successfully, but 
the derived diethyl acetal 34 was successful, giving 33d 
in 77% yield. 
Bu3Sn SiEt3
MeO O
(CO)6Co2 R
Bu2BOTf (3 equiv),
CH2Cl2, 0 oC
R
Co2(CO)6
33a, 47%
33b, 88%
33c, 62%
MeO OEt
(CO)6Co2
+
OEt
25, Bu2BOTf (3 equiv),
CH2Cl2, 0 oC
Co2(CO)6
77%
25
12b, R = Me
12c, R = Ph
12d, R = Pr-i
34 33d
 
Scheme 7 [4+3] cycloaddition reactions of γ-alkoxyalkynone-
Co2(CO)6 complexes. 
Other groups have employed related cycloaddition reac-
tions in cycloheptynedicobalt syntheses. Tanino in par-
ticular has employed a series of [5+2] cycloaddition 
reactions involving allylsilane or enolsilane substituted 
propargyl alcohol derivatives (35);35 the cycloaddition is 
then comprised of an initial Nicholas reaction with an 
added enolsilane in tandem with a Hosomi-Sakurai, 
Mukaiyama aldol, or Michael addition based ring closure 
to give 36 (Equation 4).36,37 
O
X
SiMe3(CO)6Co2
R2 OTIPS
EtAlCl2,
CH2Cl2
X
R2
TIPSO
OR1
Co2(CO)635, R1 = Me, Ph; X = CH2, O 36
 
Equation 4 [5+2] cycloaddition reactions in the synthesis of cyclo-
heptyne-Co2(CO)6 complexes. 
4.3 Cycloheptynedicobalt Complexes via Ring 
Closing Metathesis 
While the [4+3] cycloaddition reactions of 12b-d and 34 
to give 33 expanded the number of available cycloaddi-
tion approaches to cycloheptynedicobalt complexes, this 
manifestation of the process does reveal a limitation; that 
incorporation of alcohol derivatives at the propargyl site 
in the cycloheptyne complexes could be difficult by 
Lewis acid mediated methods. 
The matter of propargyl alcohol derivatives of these 
cycloheptynes could be addressed by adopting ap-
proaches not based on Nicholas reaction chemistry. In 
particular, acyclic 1,8-nonadiene-4-yne (or 5-yne) 
Co2(CO)6 complexes (37) were well suited to ring 
closing metathesis chemistry in the presence of Grubbs 1 
precatalyst (Equation 5, Table 6).38 In terms of yields of 
cycloheptenyne complexes 38, the RCM actually bene-
fitted from propargyl site substitution, including substi-
tution by alcohol derivatives. Alcohol protection was 
necessary for good yields; in our case the acetates were 
the derivatives of choice, but the Young group has dem-
onstrated good efficiency with the corresponding 
TBDMS ethers.39 In addition, the RCM approach has 
been demonstrated to be effective for synthesis of the 
related cyclooctenyne and cyclononenyne complexes, 
particularly by the Young group. We have speculated that 
the formation of the medium ring complex is actually 
assisted by the Co2(CO)6-alkyne complex acting as a 
conformational constraint, but this has not been proven 
rigourously. 
R2
Co2(CO)
R1
CH2Cl2
R1 = H, OAc
R2 = H, OAc, OTBDMS, alkyl
R1R2
Co2(CO)6
59-89%37 38
(Cy3P)2Cl2Ru=CHPh
(10-25 mol%)
 
Equation 5 Ring closing metathesis preparation of cycloheptyne-
Co2(CO)6 complexes. 
Table 6 Ring closing metathesis in cycloheptyne-Co2(CO)6 synthe-
sisa 
R1 R2 Yield 38 (%) 
H H 59b 
OAc H 80 
OAc Pr-n 80 
OAc OAc 85 
H OAc 82 
a
 10 mol% Grubbs 1; b 15 mol% Grubbs 1 
Table with permission from: Green, J. R. Synlett 2001, 353. Copyright 
2001 Georg Thieme Verlag Stuttgart · New York. 
 
4.4 Cycloaddition Reactions on Cycloheptyne-
dicobalt Complexes 
The availability of the propargylic acetoxy functions has 
been particularly useful for annulation reactions on the 
cycloheptynedicobalt complexes. Substitution at this site 
was facile with oxygen and sulphur nucleophiles, par-
ticularly allyl or homoallyl alcohols/thiols (39) (Scheme 
8); the corresponding amine nucleophiles can be incor-
porated by initially trapping the cation as the  dimethyl-
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sulphonium salt.40 The allyl ether, homoallyl ether, allyl 
thioether and allyl sulphonamide readily underwent Pau-
son-Khand reactions, predominantly under the Sugihara 
amine conditions,41 giving tricyclic 7,5,5- and 7,5,6- 
systems (40) (Table 7). 
OAc
Co2(CO)6
BF3-OEt2,
CH2Cl2
HX
R X
Co2(CO)6
R
Cy2NH
(3.5 equiv)
ClCl
, ∆
X
O
X = O, S, N-Ts
R
cis:tr ans = 1.3 - 30:1
55-89%
39
40
5
6
 
Scheme 8 Intramolecular Pauson-Khand reactions of cycloheptyne-
Co2(CO)6 complexes. 
Table 7 Selected Pauson-Khand reactions of 39 
39 X R Yield (%) 40a 
∆
5,6
 O H 89 (10:1) 
∆
5,6
 S H 65 (3.8:1) 
5,6-H2 O Meb 59 (>30:1) 
5,6-H2 N-SO2tol-p Hc 55 (1.3:1) 
5,6-H2 OCH2 H 73 (2.0:1) 
a
 cis:trans ratios in parentheses; b Me3NO, CH2Cl2, 0 oC 
c
 BuSMe, ClCH2CH2Cl, ∆ 
Table with permission from: Mohamed, A. B.; Green, J. R.; Masuda, 
J. Synlett 2005, 1543. Copyright 2005 Georg Thieme Verlag Stuttgart 
· New York. 
 
The corresponding propargylic ethers (41) were capable 
of preparation by analogous Nicholas reaction chemistry 
involving the propargylic alcohols. These compounds, 
under heating at reflux in toluene, underwent [2+2+2] 
cycloadditions in the presence of added alkyne, to form 
tricyclic benzocycloheptenes (42) (Scheme 9).42 The 
third alkyne partner was normally a symmetrical alkyne, 
most conveniently bis(trimethylsilyl)acetylene, as  un-
symmetrical alkynes showed little regioselectivity in the 
cycloaddition process (Table 8). An all- intramolecular 
version of this reaction was also available (43) from 
reactions with substrates bearing two tethered propargyl 
ethers. 
OAc
Co2(CO)6
BF3-OEt2,
CH2Cl2
HO
O
Co2(CO)6
R3 R3
R1 R2
toluene, ∆ O
R1
R2 R3
58-70%
OO
R1 = H, Me
71-85%41
42 43
5
6
 
Scheme 9 [2+2+2] cycloaddition reactions of cycloheptyne-Co2(CO)6 
complexes. 
Table 8 Selected [2+2+2] cycloaddition reactions of 41 
41 R3 R1,R2 Yield (%) 42a 
∆
5,6
 H SiMe3 60 
∆
5,6
 H CH2OAc 58 
∆
5,6
 H CO2Et, Me 59 (1.3:1) 
5,6-H2 H SiMe3 63 
5,6-H2 Me CH2OH, Me 70 (3.0:1) 
a
 Ratio of regioisomers in parentheses; indicated isomer as major 
Mohamed, A. B.; Green, J. R. Chem. Commun. 2003, 2936 - Repro-
duced by permission of The Royal Society of Chemistry 
 
Attempts at a similar approach to Diels-Alder reactions 
have largely been unsuccessful, but we did find an ex-
ample of a inverse electron demand Diels-Alder reaction 
occurring upon heating the condensation product of (44) 
and sorbic acid (45) in toluene, with exposure of the 
product to air to give 46 (Scheme 10).43 The Iwasawa 
group has recently demonstrated the viability of normal 
demand Diels-Alder reactions of cycloheptynone-
Co2(CO)6 complexes with dienes,44 so the general viabil-
ity of Diels-Alder reactions on derivatives of (45) may 
simply require improved conditions of reaction. 
OAc
Co2(CO)6
O
Co2(CO)6
O
O
OH
BF3-OEt2, CH2Cl2,
0 oC
70%
1) toluene, ∆
2) air
O
O
34%
44 45
46
 
Scheme 10 Intramolecular Diels-Alder reaction of a cycloheptyne-
Co2(CO)6 complex. 
4.5 Cycloheptynedicobalt Complexes via In-
tramolecular Nicholas Reactions 
In general however, Nicholas reactions based techniques 
have proven to be very reliable in the construction of 
cycloheptynedicobalt complexes. With propargyldicobalt 
cations having sufficient electrophilicity to react well 
with electron rich benzenes, this approach is particularly 
well suited to benzo- fused systems. The Co2(CO)6 com-
plexes of (Z)-5-aryl-4-penten-2-yn-ol derivatives (47), 
prepared from the benzaldehydes, undergo Lewis acid 
mediated cyclizations very rapidly, affording the benzo-
cycloheptenyne complexes (48) in fair to good yields 
(Scheme 11, Table 9).45 Reactions are best performed at 
somewhat reduced concentrations (ca. 10-2 M), but under 
these conditions the cyclizations occur acceptably onto 
arenes that are not activated, as well as electron rich 
arenes and heterocycles.  
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OAc
Co2(CO)6 Co2(CO)6
R1 R1
Bu3SnH, PhH
52 oC
MeO
R1 = C-2 OMe,
R2 = H
MeO
+
58%, 3:1
BF3-OEt2 (3 equiv)
CH2Cl2, 0 oC
48, 49-90%
47
OAc
Co2(CO)6
Co2(CO)6
O
O
48
R2]
R2
BF3-OEt2 (3 equiv)
CH2Cl2, 0 oC
78%
1
2
3
4
1
2
3
4
 
Scheme 11 Benzocycloheptyne-Co2(CO)6 complexes via intramolecu-
lar Nicholas reactions. 
Table 9 Intramolecular Nicholas reactions to 48 
47, R1 R2 Yield 48 (%)a 
H H 49 
C-2 OMe H 53 (4.9:1) 
C-2 OMe Me 77 (7.0:1) 
C-2 OMe Ph 90 (12.5:1) 
C-2 Me H 67 (3.5:1) 
1,2,3-(MeO)3 H 51 
a
 Ratio of C-2:C-4 product in brackets 
Table with permission from: Ding, Y.; Green, J. R. Synlett 2005, 271. 
Copyright 2005 Georg Thieme Verlag Stuttgart · New York. 
 
Removal of the Co2(CO)6 unit from the alkyne 
function is central to the applicability of such cyclohep-
tynedicobalt complexes in synthesis. Due to the instabil-
ity of cycloheptynes themselves, the effective methods 
are normally reductive decomplexations, leaving func-
tionalized cycloheptenes as reaction products. Isobe in 
particular has developed a number of protocols for these 
reactions, including reductive decomplexations46 by 
Bu3SnH, sodium hypophosphite, and catalytic hydro-
genation; a Birch reduction condition protocol has also 
been introduced by Tanino.29 In addition the Isobe group 
has developed a hydrosilylation protocol that affords the 
vinylsilanes.47 For 48 (R = C-2 OMe), the tin hydride 
conditions gave effective reductive decomplexation to 
give 49, with a small amount of double bond isomeriza-
tion. 
The analogous intramolecular Nicholas reaction chemis-
try was very effective at construction of dibenzocyclo-
heptyne complexes (Scheme 12, Table 10).48 The biaryl 
substituted propargyl acetate complexes 49 were con-
structed in most cases by Suzuki—Miyaura coupling of 
the 2-bromobenzaldehydes, followed by Corey-Fuchs 
reactions with acetylide ion trapping by paraformalde-
hyde and complexation by Co2(CO)8. The intramolecular 
Nicholas reactions were effected by BF3-OEt2, and were 
noticeably slower than the analogous reactions of 47, but 
afforded the dibenzocycloheptyne complexes 50 in good 
yields. In addition, the presence of i-Pr2NEt gave an 
improvement to the chemical yields of 50. 
CHO
OH
OAc
Co2(CO)6
Co2(CO)6
1) CBr4, PPh3,
CH2Cl2
2) 2 BuLi, THF,
-78 oC
3) (CH2O)n
1) Ac2O,
pyridine
2) Co2(CO)8
R1
R2
R3
R4
R5
R6
R1
R2
R3
R4
R5
R6
R1
R1
R2
R3
R4
R5
R6
R2
R3
R4
R5
R6
BF3-OEt2
(3 equiv),
i-Pr2NEt
(1.5 equiv)
CH2Cl2
50, 58-91%49
 
Scheme 12 Dibenzocycloheptyne-Co2(CO)6 complexes via in-
tramolecular Nicholas reactions. 
Table 10 Intramolecular Nicholas reactions for dibenzocycloheptyne-
Co2(CO)6 complexes 50 
R1 R2 R3 R4 R5 R6 Yield 
50 
OMe H OMe OMe OMe H 71% 
H H OMe OMe OMe H 59% 
H H H Me H Me 85% 
OMe H H OMe OMe OMe 91% 
CO2Me H OMe OMe OMe H 84% 
OMe OMe OMe OMe OMe H 83% 
Adapted with permission from Djurdjevic, S.; Yang, F.; Green, J. R. J. 
Org. Chem. 2010, 75, 8241. Copyright 2010 American Chemical 
Society. 
 
The dibenzocycloheptyne-Co2(CO)6 preparations have 
enabled us to accomplish the synthesis of several allo-
colchicines (Scheme 13, Table 11). For liberation of the 
organic unit, a modification of the Isobe hydrosilylation 
procedure was developed, which involved immediate 
protodesilylation of the vinylsilane intermediates;48 this 
protocol gave excellent yields of the dibenzocyclohepte-
nes (51). Hydroboration – oxidation then gave the diben-
zosuberones, one of which (52a) has been converted 
previously into (-)-allocolchicine by the Wulff group.49 
Following the analogous procedure on 52b and 52c, 
which involves a TARB-NO2 mediated enantioselective 
reduction of the ketone,50 Mitsunobu- type azide substi-
tution52 and subsequent azide reduction, the enantiose-
lective total syntheses of both (-)- NSC 51046 (NCME) 
and its 3,8,9,10-tetramethoxy isomer were complete. 
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1) Et3SiH, ClCH2CH2Cl,
TMS-CC-TMS, ∆
2) TFA, CH2Cl2
R1
R2
MeO
MeO
R3
1) BH3-THF
2) H2O2, HO-
3) [O]
R1
R2
MeO
MeO
R3
O
1) TARB-NO2,
LiBH4
2) Zn(N3)2-pyr,
PPh3, toluene
3) H2, Lindlar
4) Ac2O, pyridine
R1
R2
MeO
MeO
R3
NHAc
a, R1 = CO2Me, R2 = OMe, R3 = H,
allocolchicine49
b, R1 = OMe, R2 = OMe, R3= H,
NSC 51046
c, R1= OMe, R2 = H, R3 = OMe
51
52
53
50
 
Scheme 13 Synthesis of allocolchicines from dibenzocycloheptyne-
Co2(CO)6 complexes 
Table 11 Transformation of 50 to allocolchicines 
R1 R2 R3 Yield 51 Yield  52 Yield 53 
CO2Me OMe H a, 79% 81% a 
OMe OMe H b, 97% 80% 54%b 
OMe H OMe c, 94% 68% 60%c 
a
 see Reference 49; b 93% ee; c 95% ee 
 
Finally, we have found that vinylogous Nicholas reac-
tions were capable of forming cycloheptynedicobalt 
complexes, predominantly as tricyclic 6-7-6 systems 
(54).52 The allyl acetate precursors (55), built up via 
Sonogashira reactions on 2-
bromocycloalkenecarboxaldehydes, were excellent pre-
cursors to cyclization, due to the geometric constraints 
on the alkene function (Scheme 14). The process in addi-
tion took advantage of the fact vinylogous Nicholas 
reactions are known to predominantly occur remote to 
the alkynedicobalt function.53 While cases where the 
cyclization is slow could suffer from competitive elimi-
nation reactions, in general the yields for the BF3-OEt2 
mediated cyclization reactions were excellent (Table 12). 
Reductive removal of the cobalt by the hydrosilyla-
tion/protodesilylation protocol in this case gave further 
reduction to actually afford the benzocycloheptene (56). 
( )n
OAc
(OC)6Co2 R
n = 0, 1, 2
BF3-OEt2
CH2Cl2, 0 oC ( )n
Co2(CO)6
1) Et3SiH, ClCH2CH2Cl,
BTMSA, ∆
2) TFA
R
OMe
OMe
H
82-92%
76%n = 6,
R = 3,4- (OMe)2
54
54
54 56,
2
3
4
5
2 3
4
5
 
Scheme 14 Vinylogous intramolecular Nicholas reactions in the 
synthesis of tricyclic benzocycloheptyne-Co2(CO)6 complexes 
Table 12 Intramolecular vinylogous Nicholas reactions to give tri-
cyclic benzocycloheptyne-Co2(CO)6 complexes 54 
55, n R Yield 56 (%) 
1 C-2 OMe 81 (4.9:1)a 
1 2,5-(OMe)2 78 
1 2,3-(OMe)2 90 (8.0:1)b 
0 2,3,4-(OMe)3 87 
2 2,5-(OMe)2 81 
a
 C-4 OMe:C-2 OMe ratio;  b 3,4-(OMe)2:2,3-(OMe)2 ratio 
Table with permission from Kolodziej, I.; Green, J. R. Synlett 2011, 
2397. Copyright 2011 Georg Thieme Verlag Stuttgart · New York. 
 
Within the cycloheptyne complexes themselves, Lewis 
(or protic) acid mediated Nicholas reactions in vinylo-
gous systems also show a preference for reaction remote 
to the alkynedicobalt function.54 Kinetically, the prefer-
ence was dependent on the nucleophilicity of the react-
ing nucleophile, with the less reactive species giving 
very high remote : proximal ratios of 57, and the more 
reactive ones giving near 50:50 ratios, or ones slightly 
predominating in the proximal product (Equation 6, Ta-
ble 13). In the case of nucleophiles adding reversibly, 
such as acetic acid or methanol, the preference for re-
mote condensation was complete, reflecting what we 
believe to be some conjugative stabilization in the 
enyne-Co2(CO)6 unit. 
Co2(CO)6
OAc
Nu, CH2Cl2
-10 oC
BF3-OEt2
or H2SO4 Co2(CO)6
Nu'
Co2(CO)6
Nu'
+
57remote proximal
 
Equation 6 Selectivity in vinylogous Nicholas reactions in cyclic 
cases 
Table 13 Nucleophile reactions with allyl propargyl acetate complex 
Nu Na Yield 57 57r:57p 
H2C=C(OSiMe3)Ph 6.22 74% 44:56 
H2C=CHCH2SnBu3 5.46 74% 50:50 
Et3SiH 3.64 54% 72:28 
H2C=CHCH2SiMe3 1.79 83% 84:16 
Furan 1.36 62% >96:4 
CH3CO2Hb ~ 4.1 97% >96:4 
MeOHb 7.54 87% >96:4 
a
 Mayr nucleophilicity; see ref. 16 
b
 using H2SO4 in place of BF3-OEt2 
Reprinted from DiMartino, J.; Green, J. R. Tetrahedron 2006, 62, 
1402 with permission from Elsevier 
 
5 Dehydrotropylium Ion Co2(CO)6 Complex 
The ability to manipulate the cycloheptynedicobalt com-
plexes after construction, and the presumptions regard-
ing conjugation in enyne systems gave rise to the fun-
damental question as to whether the dehydrotropylium-
Co2(CO)6 cation, the analogue of the classic aromatic 
system, could be generated, and if so, whether it showed 
evidence of substantial aromatic stabilization. 
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The chemistry of preparation of the cycloheptadienynol 
complex precursor was conceptually straightforward.55 
Subjecting RCM diacetate product (58) to Nicholas reac-
tion chemistry with acetic acid gave the nominally con-
jugated allylic acetate (59) (Scheme 15). Removal of the 
acetate functions reductively, followed by selective oxi-
dation of the allylic alcohol, afforded the corresponding 
hydroxyenynone complex (60). Acid induced dehydra-
tion, and reduction of the ketone function gave 61. 
AcO OAc
Co2(CO)6
H2SO4,
AcOH
AcO
Co2(CO)6
OAc
1) DIBAL-H, Et2O,
-78 oC
2) MnO296% 62%
HO
Co2(CO)6
O
Co2(CO)6
O
Co2(CO)6
OH
HBF4,
CH2Cl2
50%
DIBAL-H, Et2O,
-78 oC
82%
58 59
60 61
 
Scheme 15 Synthesis of dehydrotropylium ion-Co2(CO)6 precursor. 
Reaction of alcohol (61) with HBF4 then afforded the 
dehydrotropylium ion – Co2(CO)6 complex (62) with 
sufficient stability for 1H NMR spectroscopy (Scheme 
16), although samples were inevitably contaminated with 
products of radical dimerization (63). Nucleophiles re-
acted predominantly at C-7 (i.e., 64), but were out-
competed by the radical dimerization if less reactive than 
Mayr nucleophilicity N ≈ 1.16 Evaluation of the competi-
tive reactivity with acyclic analogues, calculated evalua-
tion of the ASE by homodesmotic reactions and evalua-
tion of ring current by NICS(1) calculations led us to the 
conclusion that the dehydrotropylium ion complexes 
possesses approximately 25% of the aromaticity of tro-
pylium ion. 
Co2(CO)6
+δ 8.47
δ 8.19
δ 8.36
Co2(CO)6
OH
Co2(CO)6 Co2(CO)6
BF3-OEt2
0 oC, CH2Cl2
70%
64, 83:17
Co2(CO)6 Co2(CO)6
(OC)6Co2
Co2(CO)6
+
61
62 63
 
Scheme 16 Generation and reaction of dehydrotropylium ion-
Co2(CO)6 complex.  
Adapted with permission from Amiralaei, S.; Gauld, J.; Green, J. R. 
Chem. Eur. J. 2011, 17, 4157. Copyright 2010 John Wiley and Sons. 
6 Final Comments 
The generation and reactions of γ- carbonyl cation 
equivalents have been shown to be effective by way of 
both electron withdrawing group- substituted allyliron 
cations and, more extensively, -propargyldicobalt cati-
ons. In the latter systems, the similarity in electrophilic-
ity to unsubstituted propargyldicobalt systems suggests 
that the cation is significantly insulated from the electron 
withdrawing group. Their reactions are successful for a 
wide range of nucleophilic partners, and their reactivity 
with electron rich arenes has been exploited. This has 
enabled the syntheses of both (±)-velloziolide and (±)-
microstegiol. The reactivity with allylmetalloids has 
allowed the development of a number of sequential and 
[4+3] cycloaddition routes to cycloheptyne-Co2(CO)6 
complexes. In addition, ring closing metathesis and other 
intramolecular Nicholas reactions of arenes have resulted 
in an increasing number of ring systems available con-
taining the cycloheptynedicobalt ring system. Pauson-
Khand reactions, [2+2+2] cycloadditions, and reductive 
decomplexation reactions on these systems have enabled 
their use in synthesis. The reductive decomplexation 
protocols, in particular, have led to novel synthesis of 
several enantiomerically pure allocolchicines. 
Finally, our experience with manipulation with the cy-
cloheptyne-Co2(CO)6 complexes has allowed us to pre-
pare the precursors to the dehydrotropylium ion-
Co2(CO)6 complex, and to generate and react the cation. 
A combination of reactivity studies and computational 
studies suggest that this species has reduced aromaticity, 
approximately 25% of the aromaticity of tropylium ion 
itself. 
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 γ-Carbonyl Cations and Cycloheptynes  
Co2(CO)6
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Co2(CO)6
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Co2(CO)6
Nu
Co2(CO)6
Nu
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Nu = enol silanes, arenes, hydrides,
allylmetals
R
 
James R. Green received his B.Sc. (Hons.) in Chemistry at the University of Windsor in 1982. He then joined the 
research group of Prof. Victor Snieckus at the University of Waterloo (and (GWC)2), from which he received his 
Ph.D. in 1987. He subsequently studied as an NSERC postdoctoral fellow with Prof. K. Peter C. Vollhardt at the Uni-
versity of California, Berkeley (1987-1989), after which he was appointed as an Assistant Professor (1989) and 
NSERC University Research Fellow (1989-1999) at the University of Windsor. He was promoted to Associate Pro-
fessor in 1996 and Professor in 2008.  
14 ACCOUNT  
Template for SYNLETT and SYNTHESIS © Thieme  Stuttgart · New York 2015-06-08 page 14 of 14 
 
  
